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Method	and	Results	
MoΙvaΙon:	
¥  OZPN	and	OZPN	hydrates	exhibit	low	aqueous	solubility	and	there	is	interest	in	studying	the	
mechanism	of	anhydrate	to	hydrate	 formaDon	given	the	potenDal	 impact	on	performance	
and	stability	of	OZPN		
¥  The	structural	similariDes	between	the	OZPN	forms	(I	and	II)	and	corresponding	dihydrates	
(DD	and	DB)	direct	the	diﬀerent	hydraDon	outcomes	under	93%	RH	aΡer	180	days	[1]		
¥  We	studied	 the	 transformaDon	of	OZPN	 I	 to	OZPN	DD	 in	 sDrred	 and	non	 sDrred	 aqueous	
condiDons	(Fig.	1).	The	templaDng	eﬀect	is	lost	in	sDrred	condiDons	and	kineDc	polymorphs	
(OZPN	DB)	is	formed.	
¥  Direct	observaDon	of	OZPN	DD	nucleaDon	on	 the	surface	of	OZPN	 I	 suggests	non	classical	
nucleaDon	mechanism	inluding	frormaDon	of	dense	clusters	(Fig.	2)		[2]	
What	is	the	mechanism	of	clusters	formaΙon?	
Brownian	Microscopy		
Research	quesΙon:	
Fig.	 5	 EvoluDon	 of	 the	 OZPN	 cluster	 populaDon.	 (a)	 The	
average	 cluster	 radius	 R.	 (b)	 The	 volume	 fracDon	 φ	 in	
soluDons	with	OZPN	concentraDons	shown	in	(a)	in	80	%	v/v	
EtOH	soluDon.	[3]	
Fig.	4.	CharacterizaDon	of	the	mesoscopic	OZPN-rich	clusters	by	Brownian	Microscopy	(BM).	(a)	The	BM	set	up.	(b)	A	typical	
image	of	OZPN	clusters	 in	H2O,	(c)	A	typical	 image	of	clusters	 in	3	mM	OZPN	soluDon	in	EtOH/H2O	80/20	(v/v).	 (d)	A	typical	
cluster	trajectory	obtained	from	the	posiDon	of	a	cluster	in	a	sequence	of	images.	(e)	DeterminaDon	of	the	diﬀusion	coeﬃcient	
D	of	a	cluster	from	the	correlaDon	of	 its	mean	squared	displacement	?Δx2	?	and	the	 lag	Dme	Δt.	First	ﬁve	data	points	are	
highlighted	 with	 red	 line.	 (f)	 The	 distribuDon	 of	 cluster	 sizes	 obtained	 from	 ﬁve	 OIM	movies	 recorded	 at	 disDnct	 soluDon	
volumes.		
¥  The	cluster	radius	is	independent	of	the	soluDon	concentraDon	and	steady	in	Dme	for	up	
to	three	hours,	Fig.	5a.		
¥  The	fracDon	of	the	soluDon	volume	occupied	by	the	cluster	populaDon	φ	increases	with	
COZPN	and	soluDon	age,	Fig.	5b.	The	growth	of	φ	is	consistent	with	slow	maturaDon	of	the	
cluster	phase.		
¥  The	cluster	radius	R	 is	 independent	of	the	EtOH	concentraDon	in	the	range	20	–	90	%,	
Fig.	6a.		
¥  Dependence	of	φ	on	CEtOH	in	a	complicated	non-monotonic	fashion,	Fig.	6b		
IdenΙﬁcaΙon	of	clusters	and		the	response	to	varying	EtOH	concentraΙon			
The	thermodynamics	parameters	of	OZPN	crystallizaΙon	from	EtOH/H2O	
mixtures		
Fig	7.	The	solubility	of	OZPN	with	respect	 to	 the	crystals	of	
OZPN	ethanol	hydrate	in	EtOH/H2O	solvents	of	composiDon	
shown	the	legend	in	(a).	(a)	The	temperature	dependence	of	
the	 solubility	 Ce	 in	 the	 range	 4	 –	 45°C,	 (b)	 OZPN	 solubility	
ploιed	in	van	’t	Hoﬀ	coordinates	[3]	
Fig.	 8	 The	 thermodynamic	 parameters	 of	 crystallizaDon	 of	
OZPN	ethanol	hydrate	in	EtOH/H2O	solvents	of	diﬀerent.	(a)	
The	 crystallizaDon	 entropy	 ΔSo.	 (b)	 The	 crystallizaDon	
enthalpy	ΔHo.	(c)	The	Gibbs	free	energy	ΔGo	at	298	K	[3]	
Fig.	 6	 The	 cluster	 populaDon	 in	 EtOH/H2O	 solvents	 of	
diﬀerent	 composiDon.	 (a)	 The	 average	 cluster	 radius	 R.	 (b)	
The	 volume	 fracDon	 φ	 on	 EtOH	 concentraDon.	 The	 OZPN	
concentraDon	was	5	mM	in	all	experiments.	[3]	
¥  Solubility	 dependence	 on	
temperature	 ploιed	 in	 van’t	
Hoﬀ	 coordinates	 provide	
informaDon	 about	 soluDon	
thermodynamics:	
Fig.	1	Eﬀect	of	s7rring	on	anhydrate	to	dihydrate	transi7on.	a)	experimental	set	up:	crystals	aΖached	to	glass	capillaries	were	
placed	in	sealed	vials	and	kept	for	48h	in	two	diﬀerent	s7rring	condi7ons:	gentle	s7rring)	and	uns7rred	condi7ons	(right).	b)	
Op7cal	 image	 of	 the	 s7rred	 (100)OZPNI	surface	 of	 an	 OZPN	 I	 crystal	 with	 visible	 OZPN	 DB	microcrystals	 a_er	 6h,	 c)	 image	
showing	OZPN	DD	microcrystals	on	OZPN	I		a_er	48	h	in	uns7rred	solu7on	[2].		
Fig.	2	AFM	micrographs	of	the	surface	of	(100)OZPNI	 	in	water	showing	the	evolu7on	of	size	and	ordered	features	a_er	a)	2	h-	
visible	droplets	on	the	surface,	droplet	coalescence	marked	with	yellow	arrow	and	two	droplets	coalescing	marked	with	dashed	
circle	 b)	 24	 h-	 coalescence	 of	 the	 droplets,	 c)	 25	 h-	 large	 coalesced	 droplet	 rearranging	 into	 rhombus	 shape,	 d)	 48	 h-	 fully	
developed	OZPN	DD	crystal	[2].	
Fig.	 3	Dense	OZPN-rich	 clusters	on	 the	 surface	of	OZPN	crystals	 imaged	by	atomic	 force	
microscopy.	(a)	water	solu7on	(b)	EtOH/H2O	1:1	solu7on,	(c)	Structure	of	OZPN	[3]	
¥  A	 laser	 illuminates	 a	 500	 μm	 soluDon	 layer	 at	 an	 oblique	 angle	 such	 that	 the	 incident	
beam	avoids	the	lens	of	a	microscope	posiDoned	above	the	sample,	Fig	4a.		
¥  The	Brownian	trajectories	(Fig	4d)	of	the	clusters	are	tracked	by	comparing	the	locaDons	
of	the	individual	clusters	in	a	sequence	of	images	collected	at	a	rate	30	s−1	(Fig	4	b,	c).		
¥  The	 diﬀusion	 coeﬃcients	D	 (Fig.	 4e)	 of	 the	 individual	 clusters	 are	 computed	 from	 the	
trajectories	of	the	Brownian	moDon	of	the	imaged	cluster.		
¥  The	clusters	sizes	are	determined	using	the	Einstein−Stokes	relaDon	R=kBT/6πηD.		
¥  The	 resulDng	 size	distribuDon,	 shown	 in	 Fig.	 4f,	 is	 relaDvely	 symmetric	 and	narrow:	 the	
cluster	radii	vary	from	30	to	90	nm,	with	a	mean	at	about	35	nm.		
¥  At	 20%	 EtOH	 three	 water	
molecules	 that	 are	 associated	
with	 OZPN	 set	 free	 upon	
incorporaDon	of	OZPN	and	two	
o t h e r	 w a t e r	 mo l e c u l e s	
incorporate	into	the	crystal	
¥  The	low	magnitude	of	ΔHo	at	20	
%	EtOH,	Fig.	8b,	corresponds	to	
mild	 repulsion	 between	 the	
OZPN	molecules	in	the	soluDon.		
¥  At	 CEtOH	 30	 %	 and	 above	
s t r onge r	 i n t e rmo le cu l a r	
repulsion	 occur	 due	 to	 the	
hydraDon	 shells	 of	 the	 polar	
nitrogen	groups	of	OZPN.	
c	
¥  The	variaDons	of	HosoluDon	is	parallel	to	those	of	φ.		
¥  This	 synchronous	 behavior	 suggests	 that	 stronger	
repulsion	 between	 the	 solute	 OZPN	 molecules,	
indicated	by	higher	HosoluDon,	drives	the	volume	φ.		
¥  In	agreement	with	the	transient	dimer	[4,5]	model	of	
cluster	formaDon,	the	cluster	populaDon	volume	and	
the	 fracDon	 of	 solute	 captures	 in	 the	 clusters	 are	
determined	by	the	soluDon	thermodynamics.		
¥  We	 propose	 that	 a	 transient	 dimer,	 which	 may	 be	
akin	 to	 the	 centrosymmetric	 dimer	 SC0	 present	 in	
most	of	 the	60	 known	OZPN	crystal	 structures,	may	
underlie	cluster	formaDon.		
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